Objective: To examine the clinical features of pediatric CNS demyelination associated with positive myelin oligodendrocyte glycoprotein (MOG) antibodies and to examine the functional effects of MOG antibody on oligodendrocyte cytoskeleton.
of microtubule stability. 4 Autoantibodies against MOG (MOG antibodies) have been shown to mediate demyelination in rodents in "2-hit models" and also in primates. [5] [6] [7] [8] The importance of MOG antibodies in human demyelinating disease has previously been controversial, predominantly due to the use of antibody assays that denature protein and alter conformation. More recently, using cell-based assays, high titer MOG antibody has been unequivocally found in 20%-40% of children with acute CNS demyelination. 9 In particular, MOG antibodies have been shown to be associated with acute disseminated encephalomyelitis (ADEM) and patients with neuromyelitis optica (NMO)-like phenotypes who are negative for NMO immunoglobulin (Ig) G. [10] [11] [12] [13] [14] [15] [16] However, detailed clinical and radiologic phenotyping associated with MOG antibodies is still lacking, and the role of MOG antibodies as a biomarker in clinical practice is still not clear.
Herein, we further define the clinical significance of MOG antibody as a biomarker and show that MOG antibody can modify the microtubule network and thin filaments of oligodendrocytes.
METHODS Patients and controls. Patients. The stored acute serum (280°C) taken from 73 children during their first episode of CNS demyelination (DEM) was used for this study (median age 8 years, range 1.3-15.3, 37 females). All sera were acute and before immune therapy. The clinical and radiologic features of 60 of the patients have been reported previously, 17 but the serologic investigation of this cohort has not been previously reported. The patients were clinically phenotyped using 2013 consensus criteria. 18 The first episode of demyelination was ADEM (n 5 28), transverse myelitis (TM, n 5 15), optic neuritis (ON, n 5 15), and other clinically isolated syndrome (CIS) excluding TM and ON (n 5 15). These other CIS patients had polyfocal CIS, cerebellar CIS, brainstem CIS, or hemispheric CIS. The acute MRI brain scans (n 5 70) and MRI spine (n 5 30) were reviewed and rated using MRI criteria blinded to the laboratory findings, as previously described using McDonald, KIDMUS, Callen, and Verhey criteria. 17 The patients were followed for a median of 4.0 years (range 0.3-13.7 years). At study census and classification, 54 patients had a monophasic disease (ADEM n 5 24, TM n 5 13, ON n 5 7, "other CIS" n 5 10). Nineteen of 73 patients had a relapsing demyelinating disorder (multiple sclerosis [MS] n 5 15, relapsing ON n 5 4). The 15 patients with MS fulfilled criteria by Krupp et al. 18 and had 2 or more clinical events. Controls. We have previously shown that MOG antibodies are specific to CNS demyelination. 10 To generate a control range for this study, 24 pediatric controls with other neurologic disease, including epilepsy, cerebral palsy, neurometabolic disease, and neurodegenerative disorders, were used (median age 11 years, range 2-14).
Patient and control sera had IgG concentrations measured by nephelometry (BN ProSpec, Siemens, Germany), and IgG values were within the normal range (6.2-14.4 g/L).
CSF samples (n 5 20 controls and n 5 22 demyelinating disorders) were taken at acute presentation at the same time as sera. Cell-based assay for detection of antibodies to cell surface MOG in serum and CSF. We used fluorescence-activated cell sorting (FACS) analysis to detect antibody binding of patient serum IgG to surface MOG transduced in HEK293 cells as we have previously described (appendix e-1 at Neurology.org/nn). 10, [20] [21] [22] [23] Samples were considered positive if they were above threshold at least 2 times out of 3 repeated experiments, and the intra-assay variation is summarized in appendix e-1.
ELISA assay for detection of antibodies to aquaporin-4 antibody in serum. Serum samples were tested with an aquaporin-4 (AQP4) autoantibody ELISA kit according to the manufacturer's instructions (RSR Limited, Pentwyn, Cardiff, United Kingdom).
Functional effects on human oligodendroglial cells. MO3.13 cell line is an immortal human-human hybrid cell line that expresses phenotypic characteristics of primary oligodendrocytes and was created by fusing a 6-thioguanine-resistant mutant of the human rhabdomyosarcoma RD (cancer of skeletal muscle) with adult human oligodendrocytes by a lectin-enhanced polyethylene glycol procedure. 24 Transduced human oligodendroglial MO3.13
MOG1
and MO3.13 Ctl cells were cultured as previously described 24 and were immunostained with described protocols (appendix e-1). 22, 23 We purified human IgG or human MOG IgG from human sera using protein G-agarose and Microcon (Millipore, Billerica, MA), and human MOG bound to an activated N-hydroxysuccinimide agarose column (GE Healthcare, Little Chalfont, United Kingdom). 25, 26 We also immunoabsorbed MOG antibody-positive sera by incubating 6 wells of live HEK293
MOG1/Ctl cells with MOG antibody-positive and -negative sera. 22 In order to visualize effects of protein G-purified human IgGs on single cells, MO3.13 cells were seeded at low density and incubated with 6 mg of protein G-purified human IgGs from patient or control sera and HEK293
immunoabsorbed MOG antibody-positive serum for 45 minutes at room temperature followed by goat anti-human IgG secondary antibody for 15 minutes at room temperature. 27, 28 After washing, cells were fixed and permeabilized, and cytoskeleton filamentous actin (F-actin, marker of cytoskeleton thin filaments) and b-tubulin (marker of cytoskeleton microtubule) were quantified using 3D deconvolution microscopy (detailed methodology in appendix e-1). 29 Human leukocyte antigen DRB1*1501 genotyping. DNA from patients with DEM (n 5 40) was extracted from saliva using a saliva-specific DNA extraction kit according to the manufacturer's instructions (Oragene, DNA Genotek, Kanata, Ontario, Canada). The rs9271366 single nucleotide polymorphism (SNP) that lies on chromosome 6 at position 32,694,832 upstream of the allelic variation (A / G) was used to genotype the patients for human leukocyte antigen (HLA)-DRB1*1501. 30 Patients with the allelic A are negative for HLA-DRB1*1501, whereas patients with the allelic G are HLA-DRB1*1501-positive. The SNP rs9271366 is always inherited with the HLA-DRB1*1501 allele (complete linkage disequilibrium with HLA-DRB1*1501). 30 DNA was amplified using PCR (detailed methodology in appendix e-1), and sequences were analyzed by the software Sequencher (Gene Codes Corporation, Ann Arbor, MI).
Statistical analysis. Chi-square with Yates correction test was used to compare MOG antibody positivity between patient and control groups and between patient subgroups, and to compare binary clinical and radiologic features between MOG antibody-positive andnegative groups. Wilcoxon 2-sample test was used to compare ages of patients in 2 groups. No adjustment for multiple testing has been performed. The effects of IgG on F-actin and b-tubulin were normally distributed; thus, means and SDs were analyzed with the 2-tailed Student t test. A p value less than 0.05 was considered significant for the 2-tailed Student t test (MOG antibody pathogenic effect).
RESULTS Surface MOG IgG antibody in children with demyelinating diseases. In order to align our detection method to recent reports, we first detected MOG antibody in serum using FACS assay and HEK cells expressing human MOG. 11, 14, 16, 31, 32 The mean fluorescence intensity correlated with antibody concentration ( figure 1A ). Using the mean plus 3 SDs to establish the threshold for positivity, MOG antibodies were found in 31/73 (42%) of the DEM group but in 0/24 controls (figure 1, B-D, p 5 0.000). We have tested 57 other medical and neurologic controls, and all were negative. We also tested MOG antibody in CSF (figure 1E). We had CSF available in 22 patients with DEM, of which 5 were positive for MOG antibody in serum. Only 3/22 CSF samples were positive, 2 of which were serum positive and 1 of which was serum negative (figure 1E). Serologic testing for AQP4 antibodies was performed in 64 patients with DEM and was negative in all (data not shown). In patients with ON, positive MOG antibody was more common in patients with bilateral compared to unilateral ON (9/10 vs 1/5, respectively, p 5 0.03 (figure 1F) . MOG antibody-positive patients were more likely to have a raised erythrocyte sedimentation rate (ESR) .20 mm/h during the first episode than MOG antibody-negative patients (9/19 vs 3/21, p 5 0.05). There was no correlation between age and elevated ESR in MOG antibody-positive patients (figure 1G). Intrathecal oligoclonal bands were not present in the MOG antibody-positive patients and were seen only in MOG antibody-negative patients (0/16 vs 5/27, p 5 0.18). MOG antibody-positive patients were less likely to be homozygous or heterozygous for HLA-DRB1*1501 than patients with negative MOG antibody (3/18, 17% vs 7/22, 32%, p 5 0.46). Detailed blinded radiologic analysis of MRI brain (n 5 70) and MRI spine (n 5 30) during the first episode showed no significant differences according to MOG antibody status (table e-2). There was no difference in MRI MS criteria using McDonald, KIDMUS, Callen, and Verhey (table e-3).
Follow-up diagnosis. To compare MOG antibody findings, we compared the subgroups according to classification at follow-up (figure 1, H and I). In the monophasic subgroups, MOG antibodies were positive in 11/24 (46%) patients with ADEM, 6/7 (86%) patients with ON, 4/13 (31%) patients with TM, and 0/10 (0%) patients with "other CIS" (defined in Methods). Patients with monophasic ON were more likely to be MOG antibody-positive than the rest of the cohort (6/7 vs 25/66, p 5 0.04), and patients with "other CIS" were less likely to be MOG antibody-positive than the rest of the cohort (0/10 vs 31/63, p 5 0.01). In the relapsing patients, MOG antibody was positive in 7/15 (47%) of patients with MS and 3/4 (75%) patients with relapsing ON. It is interesting that the 3 MOG antibody-positive patients with relapsing ON were negative for AQP4 antibody, whereas the MOG antibody-negative patient with relapsing ON was not tested for AQP4 antibody due to insufficient serum. In the relapsing patients (n 5 19), the MOG antibody-positive patients were younger (median 5.6 years, range 2.6-14.2) than the -negative patients (median 12.9 years, range 2.5-15.3, p 5 0.03). The MOG antibody-positive patients had fewer relapses (22 relapses in 60.3 patient-years, median annualized relapse rate 0.56) than the MOG antibody-negative patients (26 relapses in 39 patient-years, median annualized relapse rate 0.65).
Longitudinal MOG antibody in 2 patients treated with immune suppression. Two recent patients (figure 2 and appendix e-2) with positive MOG antibodies who fulfilled 2013 criteria for MS 18 were treated with mycophenolate mofetil (MMF), which produced clinical remission, no new lesions on follow-up MRI scans, and normalization of MOG antibodies (figure 2 and appendix e-2). In both patients, upon treatment with MMF, MOG antibody decreased below the threshold of positivity ( figure 2, A and B) . Human oligodendrocyte MO3.13 MOG1 cells expressed MOG at their surface, whereas no MOG expression was observed on MO3. 13 Ctl cells ( figure 3 ). MO3.13 cells also expressed oligodendrocyte markers, such as 29, 39-cyclic nucleotide 39-phosphodiesterase (CNPase), galactocerebroside (GalC), oligodendrocyte marker O4, vimentin, and c-series ganglioside-specific antigen (A2B5) (figure 3A). Myelin basic protein (MBP), a specific marker of mature oligodendrocytes, was observed only in PMA-differentiated MO3.13 figure 3B ) and on fixed MO3.13 MOG1 cells by immunocytochemistry ( figure 3C ) and showed a positive immunostaining compared to MOG antibody-negative sera, suggesting that protein G-purified IgG includes MOG-specific IgG. Due to small volumes of pediatric sera, we used protein G-purified IgG in pathogenic experiments. Next, we treated fixed and live MO3.13 MOG1/Ctl cells with IgG from MOG antibody-positive and -negative patients with DEM and healthy controls (HCs). Then, all cells were immunolabeled for b-tubulin (marker of microtubule) or F-actin (marker of thin filaments). We quantified results and expressed them by the F-actin and b-tubulin relative enrichments in the cytoplasm and perinuclear region over the entire cell. All results were 4% 6 32.1, figure 4, B and C) , similar to that observed in fixed DEM and HC IgG-treated cells ( figure 4A, upper panels) . Following treatment with DEM IgG on live MO3.13 MOG1 cells, we observed a striking loss of organization in both F-actin (72.4% 6 11.7, p , 0.0001, figure 4 , B and C) and b-tubulin networks (52.2% 6 13.1, p , 0.0001, figure 4 , B and C) in otherwise healthy-looking undividing cells visualized by differential interference contrast imaging (figure 4B, dotted line, and data not shown) and analyzed by FACS, by which there was no difference in viability between live MO3. DISCUSSION As in this study, recent reports have consistently found that serum MOG antibody is present in a significant proportion of children with CNS demyelinating disease, whereas AQP4 antibodies are rare. 9 We believe that the clinical and investigation findings in this report support the evolving concept that MOG antibodies may define a separate autoimmune demyelinating syndrome that may be distinct from classic adult-onset MS. MOG antibodies are present in up to 50% of children with ADEM, as in this report. Proebstel et al. 33 found that ADEM MOG antibody seropositive children became seronegative in the recovery period, whereas children with relapsing MS typically remained seropositive. More recently, MOG antibodies have been found in children with ON and in some patients with NMO phenotype negative for NMO IgG. 14, 31 In this report, we have strengthened this association with ON and found that patients with bilateral rather than unilateral ON were more likely to be MOG antibody-positive. Bilateral ON is a common ON phenotype in children but is rare in adults, in whom unilateral ON is the more typical demyelinating event of MS. In contrast, patients with brainstem signs and CIS other than ON and TM were rarely MOG antibody-positive. An elevated ESR was more common in MOG antibody-positive patients. An elevated ESR is atypical of MS and should raise suspicion of an autoimmune disorder or alternate inflammatory mimic of MS. We showed that elevation of ESR in MOG antibody-positive patients was independent of age. Intrathecal oligoclonal bands are one of the classic biomarkers of MS and were absent in all MOG antibody-positive patients and were present only in the MOG antibody-negative patients. Only 17% of the MOG antibody-positive patients had 1 or both HLA-DRB1*1501 alleles, the main MS susceptibility allele, which is the same as the previously reported percentage in the "normal" healthy population in Australia, 34 whereas the MOG antibody-negative patients were more likely to have 1 or more HLA-DRB1*1501 allele. This negative association was not statistically significant and larger cohorts are required to test whether this correlation is a real rather than a suspected phenomenon. In contrast, radiologic features did not appear to differentiate MOG antibody-positive from -negative patients in this childhood cohort.
The presence of MOG antibodies is unlikely to have therapeutic implications in the first demyelinating event but is more likely to be therapeutically important in the relapsing patient. Although 2 recent patients fulfilled criteria for MS, the presence of MOG antibodies and elevated ESR led us to treat them more like NMO patients with the immune suppression agent MMF rather than conventional MS disease-modifying therapies. Both patients had no clinical or radiologic relapse for 12 months and 36 months, respectively, and both became MOG antibody seronegative. Further studies are required to understand the longitudinal course of patients with MOG antibody-associated relapsing disease and the treatment approach required.
Cell-based assays have been essential to detect MOG antibody with a high specificity, 9 especially when the full-length MOG is expressed in cells rather than the C-terminal truncated MOG. 35 Our experience with neuronal antigens informed us that FACS is sensitive and quantitative. 10, 13, 20, 22, 33, 36, 37 We detected CSF MOG antibody in only 3 of 22 DEM samples, of which 5 were positive in serum. This suggests CSF is less sensitive than serum for MOG antibody detection, which could be due to a lack of sensitivity or could represent a genuine absence of intrathecal Ig synthesis in these patients. Supporting this concept, none of the patients with positive MOG antibody had intrathecal oligoclonal bands.
The pathogenic function of MOG antibody is still unclear, but over the recent years, the detection of MOG antibody against the conformational native form of the antigen has enabled pathogenic studies using native MOG antibody from patient sera. MOG antibodies have been shown to be of the IgG1 isotype, which can activate complement 13, 16 and cell-mediated cytotoxicity, 10 and induce experimental autoimmune encephalomyelitis in mice. 15, 38 Although the function of MOG is still unclear, MOG has been proposed to stabilize cytoskeletal microtubules. 4 The monoclonal MOG antibody 818C5 has been shown to induce a rapid b-tubulin dephosphorylation and invoke a rapid retraction of oligodendrocyte processes, 27, 28 and to alter the cytoskeletal structure and microtubular polymerization after long-term MOG antibody exposure in cultured murine oligodendrocytes. 39 This effect on b-tubulin occurred after MOG redistributed over internal MBP domains, independently of F-actin. In our cell model, MBP is only expressed after oligodendrocyte differentiation with phorbol ester, and F-actin was clearly disorganized after incubation with patient Igs, suggesting that there is an MBP-independent microtubular disorganization that would also involve F-actin in our immature oligodendrocyte cell model. We also observed a fast effect after short incubation times that may be due to high expression of surface MOG in transduced cells. Despite the significant alteration in cytoskeleton, no cell death occurred, as previously observed in animal models. Our findings add to the pathogenic potential of MOG antibody, and it is conceivable that different pathogenic effects may be present in different patients. Recent studies have shown that different patients have different epitopes involved in antibody binding that may influence pathogenic properties of MOG antibody. 40 Taken together, our findings suggest that MOG antibody may define an autoimmune demyelinating syndrome that is clinically and potentially pathologically separate from "classic MS." MOG antibody fulfills criteria as a cell surface autoantibody-associated syndrome and may prove to be a valuable biomarker with therapeutic implications in patients with relapsing demyelinating disorders.
